Saccharomyces cerevisiae POL2 encodes the catalytic subunit of DNA polymerase ⑀. This study investigates the cellular functions performed by the polymerase domain of Pol2p and its role in DNA metabolism. The pol2-16 mutation has a deletion in the catalytic domain of DNA polymerase ⑀ that eliminates its polymerase and exonuclease activities. It is a viable mutant, which displays temperature sensitivity for growth and a defect in elongation step of chromosomal DNA replication even at permissive temperatures. This mutation is synthetic lethal in combination with temperature-sensitive mutants or the 3-to 5-exonuclease-deficient mutant of DNA polymerase ␦ in a haploid cell. These results suggest that the catalytic activity of DNA polymerase ⑀ participates in the same pathway as DNA polymerase ␦, and this is consistent with the observation that DNA polymerases ␦ and ⑀ colocalize in some punctate foci on yeast chromatids during S phase. The pol2-16 mutant senesces more rapidly than wild type strain and also has shorter telomeres. These results indicate that the DNA polymerase domain of Pol2p is required for rapid, efficient, and highly accurate chromosomal DNA replication in yeast.
role in bringing replication proteins to the replication origin before DNA elongation starts (4, 25) .
Recent studies in both S. cerevisiae and S. pombe suggest that pol⑀ may not play an essential enzymatic role during DNA replication; instead it is possible that the essential function of pol⑀ involves its non-catalytic C-terminal domain (27) (28) (29) . Deletion of the polymerase catalytic domain of pol⑀ is not lethal and does not block chromosomal DNA replication (27) (28) (29) . However, pol⑀ and pol␦ have a 3Ј-to 5Ј-exonuclease activity that provides editing during DNA synthesis. Both pol⑀ and pol␦ 3Ј-to 5Ј-exonuclease-deficient yeast strains are spontaneous mutators (30) . Furthermore, a mutation near the DNA polymerase domain of POL2 is also a spontaneous mutator (31) . These results strongly suggest that both pol␦ and pol⑀ participate in chromosomal DNA replication. It was recently shown (32) that pol⑀ is required for coordinated, efficient chromosomal DNA replication in Xenopus egg extracts.
This study investigates the function of the polymerase domain of S. cerevisiae pol⑀ in DNA metabolism. The results show that the catalytic domain of pol⑀ participates in the same pathway as pol␦ and is required for rapid, efficient, and accurate chromosomal DNA replication in S. cerevisiae. Furthermore, the polymerase domain of pol⑀ is also required for normal cellular senescence and for maintaining telomere length. -6) , and E7-7 (A364A cdc2-7)) (L. Hartwell). The original strains W303-1A and W303-1B obtained from R. Rothstein were later found to possess an additional mutation, rad5. Therefore, we eliminated rad5 from these strains and used them in this study.
Yeast Growth Conditions-Yeast cells were grown in either synthetic media SD (33) with appropriate selections or rich medium YPD. The original pol2-16 mutants, TAY237 and TAY238 (27) , obtained from C. Wittenberg could not be used for standard genetic studies due to very poor spore viability; therefore, the pol2-16 mutation was reconstructed using a plasmid carrying the pol2-M (28) . We noticed that the reconstructed pol2-16 strains readily acquire suppressor mutations, which make them grow faster and lose their temperature-sensitive phenotype.
DNA-Plasmid DNA containing pol2-16 (27) was obtained from Drs. R. Dua and J. L. Campbell (28) . YCpPOL2 was described previously (17, 19) . Hemagglutinin (HA) or c-Myc epitope-tagged fusion was constructed by PCR amplification of the coding region of the gene and insertion of the resulting PCR product into pUC18. NotI-3HA or NotI9myc cassette (34) was inserted into the resulting plasmid, creating a C-terminal fusion with each coding sequence. An N-terminally deleted fragment of each gene fusion was subcloned into an integrating vector of the YIp family (35) . The resulting plasmid, YIplac128-POL2-3HA/C or YIplac211-POL3-9myc/C, was digested with PstI before yeast transformation.
Antibodies-Antibodies used were as follows: monoclonal anti-HA antibody 16B12 (Berkeley Antibody Co.) and 12CA5 (Roche Molecular Biochemicals), mouse anti-Myc antiserum (Medical and Biological Laboratories, Co., Japan), and rabbit antiserum against yeast pol⑀ complex (24) and PCNA (7) .
Yeast Cell Synchronization-Cells were synchronized by ␣-factor arrest and released at 16°C as follows. Cells were suspended in fresh YPD medium containing 30 ng of ␣-factor/ml and incubated for 3 h at 25°C. ␣-Factor was removed by centrifugation, and cells were resuspended at 1.3 ϫ 10 7 cells/ml in YPD containing 0.1 g/ml actinase E (Kakenseiyaku, Japan) and incubated at 16°C. Alternatively, cells were suspended in fresh YEPR medium (2% raffinose instead of glucose to slow cell growth) and incubated for 2 h at 25°C. ␣-Factor was added to a final concentration of 30 ng/ml and incubated for 3 h at 25°C. ␣-Factor was removed by centrifugation, and the cells were resuspended at 1.3 ϫ 10 7 cells/ml in YEPR containing 0.1 g/ml actinase E and incubated at 25°C.
Chromatin Immunoprecipitation (CHIP) Assay-The CHIP assay is based on the method of Tanaka et al. as described previously (34) with some modifications. The soluble fraction of the whole-cell extract was discarded, and the insoluble pellet was resuspended in 0.5 ml of lysis buffer. This chromatin-containing suspension was sonicated to yield an average DNA size of 500 bp, clarified by centrifugation, and subjected to immunoprecipitation with rabbit anti-S. cerevisiae PCNA conjugated with protein G-Sepharose beads (Amersham Biosciences). PCR was carried out in 50 l containing 1/60 to 1/15 of the immunoprecipitates, or 1/6,000 of the cross-linked DNA samples derived from the whole-cell extract. Taq polymerase (AmpliTaq Gold; PerkinElmer Life Sciences) and the corresponding buffer system were used. PCR products were separated in a 2.5% agarose gel and stained with 0.2 g/ml ethidium bromide. The gels were photographed, and the negatives were scanned directly into Photoshop 4.0 (Adobe). Sequences of PCR primers used are as follows (where S is sense and AS is antisense): ARS305, (S) 5Ј-TTT-CAGAGCCTTCTTTGGAG-3Ј, (AS) 5Ј-CAAACTCCGTTTTTAGCCCC-3Ј; ARS305 ϩ 8-kb, (S) 5Ј-GAAGATGCTAAGAAATGCAG-3Ј, (AS) 5Ј-A-GTTGAGGCGCAGAATCCCA-3Ј; ARS501, (S) 5Ј-ATGAAGATGACA-TTGCTCCT-3Ј, (AS) 5Ј-GTATCTGGATAATGGATCTG-3Ј; ARS1, (S) 5Ј-TGGTGTTGATGTAAGCGGAG-3Ј, (AS) 5Ј-AAAGTCAACCCCCT-GCGATG-3Ј; and R11 (about 15-kb apart from ARS501), (S) 5Ј-CAC-CGATACGTACTTAAACTCTTCCG-3Ј, (AS) 5Ј-GAGAAAGCTTAGT-CC-ATTCGGCC-3Ј.
Immunoprecipitation-Logarithmically growing yeast cells (1-2 ϫ 10 7 cells/ml) were harvested and resuspended in lysis buffer (10% glycerol, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, proteinase inhibitor mixture (Roche Molecular Biochemicals)). Cells were homogenized by Bead Beater (Biospec Products), clarified by centrifugation in a microcentrifuge for 10 min at 15,000 rpm, and used for immunoprecipitation. Protein extracts (2 mg) were incubated with 6 g of anti-mouse monoclonal antibody 12CA5 at 4°C for 3 h, followed by incubation at 4°C for 3 h with Dynabeads protein A (Dynal) with rotation. The beads were washed with 1 ml of ice-cold lysis buffer three times, heated at 95°C for 3 min in the presence of 1% SDS and 10 mM 2-mercaptoethanol, and removed by centrifugation. Proteins eluted from the beads were subjected to SDS-PAGE, followed by electroblotting to Immobilon P filters (Millipore) as described previously (13) .
Yeast Chromosome Spreading-Chromosome spreading of growing yeast cells was performed as described previously (36) .
Senescence Analysis-Senescence was analyzed by counting the number of replicative cycles before cessation of cell division, as described previously (37) . Cell division cycles of each strain were counted for 100 cells.
Southern Blot Analysis-Yeast genomic DNA (5-10 g) was digested with XhoI and separated by electrophoresis (15 V/cm) in an agarose gel (0.9 -1.0% w/v). DNA was hybridized to a random primed 600-bp KpnI fragment of YЈ (38) .
Measuring Spontaneous Mutation Rate of Yeast-Spontaneous mutation frequency of isogenic wild type (CG379), pol2-16, pol2-4, and pol3-01 mutant cells was measured using a reversion assay for his7-2 or trp1-289 or a forward mutation assay for URA3 as described previously (30) .
Other Materials and Methods-Other materials and methods used in this study were described previously (4, 25) .
RESULTS
The Polymerase Domain of the POL2 Gene Plays an Important Role during the Elongation Phase of Chromosomal DNA Replication-Both chromosomal DNA replication and the polymerase activity of pol⑀ are temperature-sensitive in pol2-9 and pol2-18 cells, concluding that pol⑀ is required for chromo-
The DNA Polymerase of S. cerevisiae pol⑀somal DNA replication in yeast (19) . However, it has been shown recently that cells with a deletion in the pol⑀ DNA polymerase domain (pol2-16) are viable and carry out normal chromosomal DNA replication (27) . The pol2-16 mutant grows more slowly than the parental wild type strain (27) (Fig. 1A) and has a prolonged S phase at 25°C (Fig. 1, B and D) . The parental wild type POL2 strain finished S phase in 60 min after ␣-factor release, whereas the pol2-16 mutant cells were still in S phase at 150 min after the release (Fig. 1D) . In this experiment, it was noticed that a large portion of the G 1 cell population of the mutant was not shifted to G 2 /M (2C) after releasing from ␣-factor treatment (Fig. 1D) . The same amount of the G 1 cells could be detected after ␣-factor release in the presence of nocodazole (Fig. 1D) , suggesting that these were dead cells. pol2-16 is also temperature-sensitive for growth at 37°C in strains W303-1A and CG378 (Fig. 1C and data not shown) . These defects were all complemented by a low copy number plasmid carrying an intact POL2 (Fig. 1, A-C , and data not shown). However, a low copy plasmid carrying the N-terminal region of POL2 complements temperature sensitivity of the mutant but does not complement slow growth at 25°C (data not shown). These results suggest that the polymerase domain of pol⑀ is required during rapid cell growth at 37°C. Alternatively, the mutant protein from pol2-16 might be more heatlabile than the wild type protein, which could interfere with the function of Dpb2p and Dpb11p and their interaction with the pol⑀ complex. However, it is less likely, as the same amount of each subunit (Dpb2p, Dpb3p and Dpb4p) of pol⑀ was recovered in the immunoprecipitates from wild type (POL2) and pol2-16 mutant cells (Fig. 1E) .
Pol2-16p does not have a 3Ј-to 5Ј-exonuclease activity as well as the DNA polymerase activity (as confirmed by partial purification of pol⑀ from pol2-16 mutant cells; data not shown). The pol2-4 mutant is also deficient in the 3Ј-to 5Ј-exonuclease activity of pol⑀ and is a spontaneous mutator (11, 30) . As shown in Table I , the frequency of spontaneous mutation in pol2-16 mutant cells was almost the same as wild type cells. This result suggests that the exonuclease-and polymerase-deficient FIG. 1. pol2-16 is temperature-sensitive for growth and has a defect in chromosomal DNA replication. A, CG378 (wt), ASY101 (pol2-16), and ASY101 with plasmid YCp33POL2 (pol2-16 ϩ POL2) were grown in YPD medium at 25°C, and cell growth was monitored with a Beckman-Coulter cell counter. ASY101 (pol2-16) grew much slower than CG378 (wild type) and ASY101 with YCp33POL2. B, logarithmically growing CG378 (wt), CG378 with YCp33POL2 (wt ϩ POL2), ASY101 (pol2-16), and ASY101 with YCp33POL2 (pol2-16 ϩ POL2) cells were collected by centrifugation, fixed with ethanol, stained with propidium iodide, and analyzed by a FACScan analyzer (BD PharMingen) as described previously (25) . A large number of pol2-16 mutant cells were in S phase, indicating a defect in S phase progression. C, CG378 (POL2), ASY101 (pol2-16), and ASY101 with YCp33POL2 (pol2-16 ϩ YCpPOL2) were streaked on YPD plates and incubated at 25 or 37°C for 3 days. ASY101 is temperature-sensitive. ASY102 (pol2-16 in W303-1A background) is also temperature-sensitive for cell growth. D, ASY100 (wild type) and ASY102 (pol2-16 in W303-1A background) cells were grown in YPD medium at 25°C to 3 ϫ 10 6 cell/ml and treated with ␣-factor for 3 h at 25°C. ␣-Factor was removed by centrifugation, and cells were resuspended in fresh YPD medium (ϪNoc) or YPD medium containing 10 g/ml nocodazole (ϩNoc) and incubated at 25°C. Aliquots were withdrawn after ␣-factor release. Cells were fixed with ethanol, stained with propidium iodide, and analyzed by a FACScan analyzer as B. E, protein extracts from SHY37 (W303-1A pol2::POL2-3HA::URA3 pol3::POL3-9Myc::LEU2 bar1⌬::hisG) and SHY40 (W303-1A pol2::pol2-16-3HA::URA3 bar1⌬::hisG) were subjected to immunoprecipitation with anti-HA mouse monoclonal antibody 12CA5 as described under "Experimental Procedures." Immunoprecipitates were analyzed by SDS-PAGE, followed by electroblotting on Immobilon P filters. The filters were probed with anti-HA mouse monoclonal antibody 16B12 (Babco), rabbit polyclonal antiserum against either Dpb3p (a gift from H. Araki, Mishima, Japan), Dpb4p (14) , or PolII* (pol⑀ complex) (24) . Lanes 1 and 2 are immunoprecipitates from wild type cells (Pol2-3HA) and from pol2-16 mutant cells (Pol2-16-3HA), respectively. Lane 3 is the purified pol⑀ complex (PolII*) (13) .
polypeptide produced by pol2-16 does not cause a high error frequency during DNA replication. However, a haploid strain harboring both pol2-16 and pol3-01 (the 3Ј-to 5Ј-exonucleasedeficient mutant of pol␦ (11)) is inviable, as is pol2-4 pol3-01 (30) . On the other hand, the homozygous diploid mutant pol2-16/pol2-16 pol3-01/pol3-01 is viable, and the frequency of spontaneous mutation could be measured. As shown in Table  II , the frequency of his7-2 reversion in a pol2-16/pol2-16 pol3-01/pol3-01 diploid is not significantly higher than in a pol3-01/pol3-01 diploid. This result suggests that the lethality of pol2-16 pol3-01 haploid cells is not simply due to a high spontaneous mutation frequency unlike pol2-4 pol3-01.
Movement of the Replication Fork Is Retarded in pol2-16 Cells-Replication protein A (RPA) binds at origins prior to initiation of DNA replication, and DNA polymerases ␣, ␦, and ⑀ are subsequently loaded onto the replication forks (3, 4, 25, 34) . The CHIP assay was used to examine chromatin-associated DNA replication complex in wild type and the pol2-16 mutant cells. Fig. 2 shows that in wild type cells, PCNA, which is DNA polymerase ␦ clamp, was loaded onto early-and late-firing origins in S phase. At 16°C, PCNA was loaded onto the region ϳ8-kb from ARS305 ϳ20 min after they were loaded onto ARS305 (Fig. 2 , A and C). This suggests that PCNAs move along the chromosome with the replication fork, which has also been observed for the Mcm2-7 complex, RPA, pol␦, and pol⑀ (3, 25) . In pol2-16 cells, PCNA was also loaded onto early-and late-firing origins during S phase. However, the delay was longer between loading at ARS305 and at the region 8-kb upstream of ARS305 than in wild type cells (Fig. 2 , B and C). From these results, the rate of fork movement from ARS305 to 8-kb upstream of ARS305 was estimated in both wild type and pol2-16 mutant cells at 16°C (Fig. 2C) 30, 25 , and 16°C. We found that the rate of DNA synthesis at 25°C is four times faster than that at 16°C in both wild type and pol2-16 cells. On the other hand, DNA synthesis at 30°C is 1.5 times faster than that at 25°C in wild type cells, whereas it is two times slower than that at 25°C in mutant cells (data not shown). Thus, the estimated fork movement rates at 25°C are 23 and 9 nucleotides/s for wild type and pol2-16, respectively, whereas the rates at 30°C are 35 and 5 nucleotides/s for wild type and pol2-16, respectively. This clearly indicates that replication fork movement is much slower in pol2-16 mutant cells than in wild type cells.
Pol2-16p Behaves Differently from Pol2p during the Initiation of DNA Replication-It has been established that Pol2p (pol⑀) binds to the replication origins and moves along chromosome with the replication fork during S phase (3, 25) . Therefore, we tested whether Pol2-16p behaves similarly during S phase, as does Pol2p by CHIP assay. As shown in Fig. 3 , Pol2p bound to the replication origin ARS306 region and stayed on the stalled replication fork generated in the presence of hydroxyurea as published before (3, 25) . Pol2-16p was also loaded onto the replication origin region with the same timing as Pol2p. However, it was quickly released from the origin region, although PCNA and RPA remained to be bound on chromatin with the stalled replication fork (Fig. 3B and data not shown). Interestingly, this behavior of Pol2-16p closely resembles those of Dpb11p and Sld2p during S phase (4). These results suggest that Pol2-16p normally functions during the initiation of DNA replication. However, it may function differently from the intact Pol2p in the subsequent elongation step of chromosomal DNA replication, due to lack of DNA polymerase domain and presumably due to the lack of DNA polymerase activity.
Genetic Interaction between POL2 and POL3 (CDC2)-In order to investigate the genetic interaction between pol␦ and pol⑀, the pol2-16 mutant harboring a single copy plasmid of POL2 (YCplac33-POL2) was crossed with either cdc2-1 or cdc2-5 mutants, and the resulting diploids were sporulated and dissected. More than 80% of dissected tetrads of each cross had four viable spores and a haploid strain with pol2-16 cdc2, and plasmid-borne POL2 was viable (Fig. 4A) . When the plasmid was lost during growth in the presence of 5-fluoroorotic acid, the lethal phenotype appeared (Fig. 4A) , thus indicating that pol2-16 is synthetic lethal with cdc2-1 or cdc2-5 mutant. Similar results were obtained with cdc2-2, -3, -4, -6, and -7 (data not shown). More importantly, the pol2-16 mutant is only the mutant exhibiting synthetic lethality with cdc2 among various pol2 mutations (data not shown). These results strongly suggest that the catalytic activity of pol⑀ participates in the same pathway (e.g. chromosomal DNA replication) as pol␦ in S. cerevisiae. Alternatively, the catalytic domain of pol⑀ might interact directly with pol␦.
POL32 encodes the third subunit of S. cerevisiae pol␦. POL32 is not an essential gene and can be deleted without any obvious growth defect at normal temperature (8) . However, a pol32 deletion (⌬pol32) is synthetic lethal with pol2-16 at all temperatures tested (data not shown). Furthermore, double mutants carrying ⌬pol32 and sld3-5, sld5-12, or dpb11-1 are more temperature-sensitive than the single mutants sld3-5, sld5-12, or dpb11-1 (25, 26, 39) and do not grow at 30°C (Fig. 4B) . These genetic interactions suggest that the pol␦ complex interacts with the catalytic domain of pol⑀, Sld3, Sld5, and Dpb11. Sld3p, Sld5p, and Dpb11p are known to interact with pol⑀ during S phase and be required for the initiation of chromosomal DNA replication (4, 25) . all foci of Mcm4p disappeared from yeast nuclei. pol⑀ (Pol2p and Pol2-16p) and pol␦ (Pol3p) also formed punctate foci in nuclei, but unlike Mcm4p, these foci did not fluctuate significantly during the cell cycle (Fig. 5, B and C, and data not shown). However, 10 -20% of the foci clearly overlapped with each other in late G 1 and in S (Fig. 5, B and C) . Therefore, it is possible that these overlapping foci are replication foci where chromosomal DNA replication proceeds. This is consistent with the notion that pol⑀ and pol␦ both participate in chromosomal DNA replication. Paradoxically, DNA replication proteins, including pol␦ and pol⑀, however, are not localized as punctate foci on yeast chromatids in a cell cycle-dependent manner, with the exception of Mcm4p (Fig. 5A) . 2 Therefore, all foci that include pol⑀ and pol␦ are not necessarily participating in DNA replication. To circumvent this, foci actively involved in replication were identified by incorporation of digoxigenin (DIG)-labeled dUTP into nascent DNA in vitro, and these foci were examined by immunocytology (Fig. 5D) . Newly synthesized DNA also formed punctate foci, and some of those foci were very close to foci of pol␦ or pol⑀ (Fig. 5E ). Nascent DNA was not labeled with DIG in the presence of aphidicolin, a specific inhibitor of replicative DNA polymerases in eukaryotes (Fig.  5F ), suggesting that the labeled DNA with DIG is the replication product.
pol2-16 Cells Undergo Senescence Before Wild Type CellsFlow cytometric analysis showed that pol2-16 cells produce a large number of dead cells after ␣-factor release at permissive temperature (Fig. 1D) . As the pol2-16 has a normal S/M checkpoint (27, 28) , 3 this is not why dead cells accumulate during the cell cycle, and therefore another cause is likely to exist. For this reason, we analyzed cellular senescence in wild type and pol2-16 cells as published (37) . The average number of replicative cycles was 4.2 for pol2-16 cells and 20.0 for wild type cells (Fig. 6) . The pol2-16 mutation senesces more quickly than sir3 (40) and rad52⌬ (41) . Interestingly, a double mutant with pol2-16 and rad52D is viable and senesces at the same rate as pol2-16. These results suggest that the pol2-16 and rad52D mutations increase the rate of senescence through the same pathway. Furthermore, the terminal morphology of most of the senescent pol2-16 and pol2-16 rad52D cells is a dumbbell (Fig.  6B) ; in contrast, wild type cells senesce in an unbudded morphology. These results suggest that pol2-16 and pol2-16 rad52D cells undergo terminal senescence during S phase due to a defect similar to the defect in rad52D, sgs1, or srs2 cells (42) . In any case, increased senescence of pol2-16 cells explains why dead cells accumulate during cell growth. Furthermore, this also partially explains slow growth rate of the mutant cells.
pol2-16 Cells Have Shorter Telomeres Than
Wild Type Cells-It was documented that the maintenance of telomere length requires both pol␣ primase and pol␦ but not pol⑀ (43) . Because yeast strains exhibiting a very short senescence exhibit telomeric and subtelomeric rearrangements, we analyzed telomere length of wild type and pol2 mutant cells. Total yeast chromosomal DNA was extracted from wild type, pol2-11, pol2-18, and pol2-16 mutant cells grown at 30°C for 60 generations and analyzed for telomere length by Southern blotting as described previously (38) . As shown in Fig. 7 , pol2-16 cells had shorter telomeres than wild type cells. Telomeres in pol2-11 and dpb2-1cells were also shorter than in wild type but not as short as in pol2-16 cells. However, the telomere length in the double mutant pol2-16 ⌬est2 or pol2-16 ⌬tlc1 was much shorter than in single mutants pol2-16 or ⌬est2 (deletion mutant of the telomerase RNA-associated protein, Est1p) or ⌬tlc1 (deletion mutant of the telomerase RNA) (Fig. 7, lanes 2 and 3 and  10 -14) . These results suggest that the polymerase domain of pol⑀ is required to maintain normal telomere length, even in the presence of wild type telomerase activity. Interestingly, cdc2-2 and pol1-17 mutant cells grown at 32°C (semi-permissive temperature) have longer telomeres than wild type cells (Fig. 7A, lanes 8 and 9) . DISCUSSION S. cerevisiae pol2-16 is a viable mutant that has a deletion of the DNA polymerase domain in the catalytic subunit of pol⑀ FIG. 2 . Replication fork movement is slower in pol2-16 than in wild type cells. Logarithmically growing W303-1A (POL2) and ASY102 (pol2-16) cells at 25°C were collected by centrifugation, synchronized with ␣-factor, released from ␣-factor, and incubated at 16°C. Aliquots were withdrawn and used for CHIP assay as described previously (25, 34) with PCNA antibodies, and the ARS1 (early-firing origin), ARS305 (early-firing origin), ARS305 ϩ 8-kb, ARS501 (late-firing origin), and ARS501 ϩ R11 DNA were amplified by PCR as described under "Experimental Procedures." As a control, chromatin fraction from the whole-cell extracts was also used for PCR (WCE). A, CHIP assay in W303-1A using PCNA antibodies. B, CHIP assay in pol2-16 mutant cells. C, ARS305 and ARS305 ϩ 8-kb DNA bands seen in A and B were quantified by scanning by an image analyzer (Fuji Film). Each DNA band was relative to the highest (ARS305 band at 60 min from wild type cells (A) and ARS305 band at 60 min from pol2-16 mutant cells (B)). (27, 28) . The phenotype of the mutant is slow growth and a prolonged S phase as published previously (27, 28) . The original pol2-16 mutants, TAY237 and TAY238 (27) , obtained from C. Wittenberg could not be used for standard genetic studies due to very poor spore viability; therefore, the pol2-16 mutation used in this study was reconstructed using a plasmid carrying the pol2-M (28) . Although the phenotype of the reconstructed pol2-16 strains was very similar to those of the published strains at 25°C (Fig. 1) , it also confers temperature sensitivity for growth at 37°C, suggesting that the catalytic domain of pol⑀ performs an important function during chromosomal DNA replication. We noticed that the reconstituted mutants readily acquire suppresser mutations, which make them grow faster and lose their temperature sensitivity. This may explain why the previously described pol2-16 mutants (27, 28) were not temperature-sensitive. Alternatively, this difference may be due to yeast strain backgrounds.
The pol2-16 mutation is synthetic lethal with temperaturesensitive pol␦ mutants cdc2-1 to 7 (Fig. 5 and data not shown) or with the 3Ј-to 5Ј-exonuclease-deficient mutant of pol␦ (pol3-01). POL32 encodes the third subunit of S. cerevisiae pol␦. Furthermore, a pol32 deletion (⌬pol32) is synthetic lethal with pol2-16 at all temperatures tested. A double mutant carrying either ⌬pol32 sld3-5, ⌬pol32 sld5-12, or ⌬pol32 dpb11-1 is more temperature-sensitive than single mutant of sld3-5, sld5-12, or dpb11-1 and does not grow at 30°C (Fig. 4B) . These genetic interactions are specific to pol2-16 and could not be seen in other pol2 mutants. Therefore, these data strongly support the notion that both pol␦ and pol⑀ participate in the same pathway, which is chromosomal DNA replication. It is known that other essential proteins directly interact with the C-terminal portion of pol⑀ (24 -26) . Thus, it is still possible that slow growth phenotype and a prolonged S phase of pol2-16 be due to instability of its complex with other essential components. However, this possibility is less likely, as we were able to detect the same amount of the Pol2-16p complex (including Dpb2p, Dpb3p, and Dpb4p) in the mutant cells as that of pol⑀ complex in wild type cells by immunoprecipitation (Fig. 1E) .
The pol2-16 mutant grows more slowly than the parental wild type strain (27) (Fig. 1A) and has a prolonged S phase at 25°C (Fig. 1, B and D) , suggesting that the elongation step of chromosomal DNA replication is retarded in the mutant. Therefore, the rate of replication fork movement was measured by CHIP assay using PCNA polyclonal antibodies and is slower in pol2-16 cells than in wild type cells (Fig. 2) . These results are all consistent with the notion that the polymerase activity of pol⑀ as well as that of pol␦ is required for normal chromosomal DNA synthesis. Kesti et al. (27) showed that the pol2-16 gene complements temperature sensitivity of the pol2-18 mutation, whose lesion is in the DNA polymerase domain (19) , indicating that the polymerase activity of pol⑀ plays no requisite role in DNA synthesis. However, an alternative interpretation is still possible, namely Pol2-18p may be stabilized with Pol2-16p and functions as wild type pol⑀, as pol⑀ complex exists as a dimer (44) . Nevertheless, data presented here indicate that during normal growth at elevated temperature, the remaining DNA polymerases do not fully substitute for a deficiency in the polymerase domain of pol⑀. The next question is why the pol⑀ DNA polymerase domain deletion mutation is viable, whereas pol2-9 and pol2-18 mutations, which are in DNA polymerase domains, are temperature-sensitive for cell growth as well as for chromosomal DNA replication (19) . As shown in Fig. 3 , Pol2-16p binds onto the early firing-replication-origin region as Pol2p at the beginning of S phase. However, Pol2-16p was quickly released from the origin regions, whereas Pol2p still bound onto the origin region in the subsequent elongation step of chromosomal DNA replication. These results clearly demonstrate that Pol2-16p behaves differently from Pol2p in S phase, FIG. 3 . Pol2-16p behaves differently from Pol2p during S phase. Logarithmically growing yeast W303-1A (POL2) and ASY102Ј (pol2-16-3HA) cells at 25°C were synchronized with ␣-factor, released from ␣-factor, and incubated in the presence of 0.3 M hydroxyurea at 25°C. Aliquots were withdrawn and used for CHIP assay with anti-HA or RPA antibodies, and ARS305 and CYC1 DNA were amplified by PCR as described (4) [YEpPOL32] . These double mutants along with each single mutant having YEpPOL32 was plated on SD ϩ5-fluoroorotic acid plates and incubated at 25 or 30°C for 4 days. It is evident that the double mutant was much more temperature-sensitive than each single mutant and did not grow at 30°C.
whereas it is able to accomplish an essential function, which is the loading of the leading strand DNA polymerase (it would be pol⑀ itself in wild type cells) onto the replication origins through Cdc45p-Sld3p and Dpb11p-Sld2p (4, 25, 39). Thus, it is possible that the replacement of the pol⑀ DNA polymerase domain that catalyzes DNA synthesis can be achieved by pol␦ in pol2-16. On the other hand, in either pol2-9 or pol2-18 temperature-sensitive mutants, the replacement would be blocked by either Pol2-9p or Pol2-18p, which still binds onto the replication origin region as Pol2p. Consequently, chromosomal DNA replication could be blocked at the restrictive temperature. If this explanation were true, then the last question is why only the deletion of pol⑀ DNA polymerase domain is viable. The DNA polymerase domains are more than 2/3 of the S. cerevisiae pol␦ catalytic polypeptide, and the second and third subunits directly interact with the catalytic domains of pol␦. Therefore, it is not possible to construct a deletion mutation similar to pol2-16, which does not affect the interaction between the C-terminal portion of pol⑀ and the subunits. Furthermore, pol␦ is more specialized for lagging strand synthesis (6), which is not substituted by other DNA polymerases.
pol2-16 has a deletion of the polymerase and the 3Ј-to 5Ј-exonuclease domains. Therefore, the mutant Pol2-16p does not synthesize DNA or participate in error correction. Thus, pol2-16 is not a mutator (Tables I and II) , whereas pol2-4 that is deficient in the 3Ј-to 5Ј-exonuclease activity of pol⑀ is a mutator (30) . This result also suggests that any mistakes made by pol⑀-substituting DNA polymerase are corrected by its 3Ј-to 5Ј-exonuclease activity and/or normal mismatch correction activity as wild type cells. A haploid cell carrying pol2-16 and pol3-01 is inviable, even though the spontaneous mutation frequency in a homozygous diploid strain, pol2-16/pol2-16 pol3-01/pol3-01, is similar to pol3-01/pol3-01 or haploid pol3-01 (Table II) . Therefore, the lethality of haploid pol2-16 pol3-01 is not simply due to a high spontaneous mutation rate as in pol2-4 pol3-01 (30) . Thus, other reason(s) have to be considered. One possibility is double-strand breaks generated spontaneously in pol2-16. These double-strand breaks can be repaired by recombinational repair mechanism in a diploid cell but not in a haploid cell. FIG. 5 . Replication proteins form punctate foci on yeast chromatids. A, W303-1A strain expressing 3HA-tagged Mcm4p was grown in SD complete medium at 25°C and synchronized with ␣Ϫfactor. After release from ␣-factor, cells were incubated in fresh SD complete medium. At the indicated time, cells were collected and subjected to flow cytometric analysis by FACScan and chromosome spreading as described previously (36, 61) . Left panel shows flow cytometric analysis of cells stained with propidium iodide. Right panel shows cells stained with DAPI and HA monoclonal antibody. The image of DAPI and HA antibody staining was merged (Merged). B, W303-1A strain expressing both 9Myc-tagged pol␦ and 3HA-tagged pol⑀ was analyzed as in A. Foci stained for pol␦ were merged with foci stained for pol⑀; some of the foci (yellow) clearly overlap. Overlapping foci were counted, and the results are summarized in the right panel. The number of overlapping foci peaks in S phase and gradually decreases until G 2 /M. C, W303-1A strain expressing both 9Myc-tagged pol␦ and 3HA-tagged Pol2-16p was grown, synchronized with ␣-factor, released in fresh SD complete medium, and grown at 25°C. Cells were harvested at the indicated time and analyzed as in B, except that DNA was stained with DAPI as A. The image of DAPI (blue), Myc (green), and HA antibody staining (red) was merged. D, DNA synthesized in isolated nuclei in S phase was visualized by immunostaining with anti-DIG, anti-HA, or anti-Myc monoclonal antibody. E, nuclei were isolated from yeast W303-1A expressing HA-tagged pol⑀ and Myc-tagged pol␦ cells in S phase as described previously (62) . DNA was labeled in vitro using DIG-conjugated dUTP. After a 1-min incubation at 30°C, nuclei were fixed with formaldehyde, followed by chromosome spreading and staining with DAPI and specific antibodies. F, as in E the reactions were adjusted to 5 g/ml aphidicolin before addition of dNTPs. DIG labeling was strongly inhibited, suggesting that the DNA foci in E are undergoing replicative synthesis and not DNA repair.
pol⑀ and pol␦ form punctate foci that partially overlap during S phase. pol⑀ and other replicative polymerases are loaded onto replication origins at the beginning of S phase. These replication complexes move away from the origins with the replication fork (3, 4, 25, 45, 46) . Therefore, it is possible that foci containing both pol␦ and pol⑀ are "replication factories" where chromosomal DNA replication is occurring. This is consistent with the fact that nascent DNA is present in or near these punctate foci (Fig. 5E) . However, most DNA replication proteins including pol␦ and pol⑀ are localized as punctate foci on yeast chromatids in a cell cycle-independent manner (Fig. 5B) . 2 Thus, the foci visualized in these experiments may not be actively involved in DNA replication during S phase. It is known that more than 10,000 molecules of either pol⑀ or pol␦ exist in yeast mitotic cell as well as in the meiotic cell (1). 3 A spore containing a complete deletion of the POL2 gene germinates as does a wild type spore, but it does not grow further (1, 17) . This indicates that at least a 4-fold reduction of pol⑀ in a spore is critical for cell growth, and thus, all molecules would participate in chromosomal DNA replication. The S. cerevisiae genome is ϳ12,000 kb in length and includes 100 -200 origins that are simultaneously activated during S phase. In wild type cells, S phase lasts ϳ30 min at 30°C. The rate of DNA synthesis in eukaryotic cells is thought to be about 50 nucleotides/s, suggesting that 10 -30 origins would be active at any given time during S phase in S. cerevisiae. Interestingly, a similar number of foci including both pol⑀ and pol␦ (about 10 -20 foci/nucleoid), were observed in this study (Fig. 5, B and C) . Therefore, it is highly possible that other foci might participate in chromosomal DNA synthesis at a different time during S phase. Two general models have been proposed for eukaryotic DNA replication. In one model, DNA polymerases move along the DNA (5); in the other model, the polymerases are stationary, and DNA moves through the replication apparatus as DNA synthesis occurs (47) . The results shown in Fig. 5 strongly support the latter model. Nevertheless, we cannot exclude the possibility that other foci of pol⑀ and Pol2-16p, which do not overlap with those of pol␦, are for other processes, such as DNA repair and recombination.
In S. cerevisiae, four genes (EST2, TLC1, EST1, and EST3) have been identified that encode components of the telomerase enzyme, which are required to replicate telomeres. EST2 encodes the catalytic subunit of telomerase reverse transcriptase, and TLC1 encodes the template RNA component of telomerase (48 -50) ; EST1 and EST3 encode additional subunits of the telomerase holoenzyme (51) (52) (53) . The telomere-binding protein Cdc13p also plays an essential role as a positive and negative regulator of telomerase (see Ref. 54 for review). A mutation in any one of these five genes results in abnormal telomere length (est). This study shows that pol2-16 also alters telomere length, resulting in much shorter telomeres than in wild type cells (Fig. 7) . Therefore, it is highly possible that telomere length shorting in pol2-16 mutant cells be result of the inability of this mutation to form a normal telomere replication complex. Diede and Gottschling (43) developed an assay in yeast using a chromosome end immediately adjacent to a short telomeric DNA tract and showed that maintenance of telomere length in vivo requires pol␣ primase and pol␦ but not pol⑀. They also showed that synthesis of telomeres by telomerase is tightly coregulated with synthesis of the opposite strand. In the absence of such FIG. 6 . pol2-16 senesces more quickly than wild type. A, senescence was analyzed at 25°C as described previously (37 (64) . Genomic DNA was extracted from these yeast cells, digested with XhoI, and analyzed by Southern blot using a telomeric probe as described (38) . The left and right sides of the figures indicate the DNA size markers in kb. Ori is the top of the gel. The upper bands seen are two YЈ DNA fragments (YЈ short and long fragments). coordination, telomerase can generate excessively long singlestranded tails, which could be deleterious to chromosome stability. In fact, telomeres become much longer in cdc2-2 or pol1-17 than in wild type cells (Fig. 7) . pol␣ and pol␦ participate in lagging strand synthesis (6) , which is consistent with the observation that telomeres are longer in mutants of these polymerases. This interesting correlation suggests that pol⑀ may participate in synthesis of the leading strand, which is consistent with a model for DNA replication proposed previously (17) .
The following model (Fig. 8 ) is proposed to explain the role of Pol2p in maintaining telomere length. In the pol2-16 mutant DNA elongation is very slow, which may interfere with coordination of replication on leading and lagging strands at the replication fork (Fig. 2) ; this could lead to large regions of single-stranded DNA at replicating telomeres (Fig. 8, steps c and  d) . This large region of single-strand DNA could interfere with binding by Cdc13p and other essential telomere-binding proteins, and the 3Ј and 5Ј ends of the telomere might be exposed and degraded. These events would cause shortening of telomeres in pol2-16. As proposed previously (43) , any mutations in pol␣ or pol␦ interfere with coordination of lagging strand synthesis and with normal telomere binding by Cdc13 and other telomerebinding proteins and result in telomere lengthening (Fig. 8,  steps a, b, e, and f) instead of telomere shortening.
In S. cerevisiae, cell division is asymmetric, with a larger mother cell giving rise to a smaller daughter cell at each division cycle. Mother cells undergo multiple rounds of division until the cycle of cell division ends and the mother cell senesces. Yeast cells undergo a relatively constant number of division cycles, with the probability of senescence increasing exponentially over time (55, 56) . This study shows that pol2-16 cells senesce very rapidly, undergoing on average only 5 cell division cycles (Fig. 6A) . The terminal morphology of senescent pol2-16 cells is a dumbbell shape; in contrast, wild type cells die mostly in an unbudded morphology (Fig. 6B) . These results suggest that pol2-16 might interfere with cell growth during S phase and mutant cells may senesce stochastically due to mitotic cell cycle arrest, instead of due to shortening telomere length. This could result from unrepaired DNA damage, as in strains carrying mutations in rad52D, sgs1, or srs2 (42) . The damage could be due to incomplete DNA replication (57, 58) or replication fork pausing (59) , which has been shown to cause double-stranded DNA fragments in Escherichia coli (60) . Interestingly, the double mutant rad52⌬ pol2-16 senesces at almost the same rate as the pol2-16 mutant (Fig. 6) , suggesting that rad52 and pol2 function in the same senescence pathway. Therefore, it is possible that DNA damage other than doublestrand break, such as a single-stranded break, could escape the S/M checkpoint in pol2-16 cells and is inherited, perhaps leading to a lethal double-strand-like break in a subsequent generation. Alternatively, double-strand breaks could occur at a higher than normal rate in pol2-16 cells due to more frequent stalling of the replication fork during the S phase. Nevertheless, these results clearly indicate that the fidelity of chromosomal DNA replication in the pol2-16 mutant, which is operated by the remaining DNA polymerase activity, is not as high as in wild type cells. Thus, it can be concluded that the DNA polymerase domain (presumably DNA polymerase activity) of pol⑀ plays an important function for maintenance of high fidelity of chromosomal DNA replication.
